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Nigrostriatal projecting neurons express GDNF
receptor subunit RET in adult rats
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Nigrostriatal neurons expressing RET protein, a receptor protein tyrosine kinase of glial cell line-derived neurotrophic factor
(GDNF), were investigated in rats using retrograde neural tracing with horseradish peroxidase (HRP) combined with
immunohistochemistry. HRP/RET double-labeled neurons were abundantly distributed in the substantia nigra pars compacta
ipsilateral to the caudate-putamen stereotaxically injected with HRP. Almost all the HRP-labeled neurons in nigra exhibited
RET-like immunoreactivity, which however constituted more than half of the RET-immunoreactive cells. Our results present
morphological evidence that GDNF-RET interaction plays important roles in physiological processes of nigrostriatal

neuronal circuits of mammals.
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INTRODUCTION

Glial cell line-derived neurotrophic factor (GDNF),
a member of transforming growth factor beta super-
family, has been well documented for its potent sur-
vival- and neurites outgrowth-promoting ability for
both normal and injured mesencephalic dopaminergic
neurons in animals and latest human trials (Perez-
Navarro et al. 1999, Kordower et al. 2000, Love et al.
2005, Behrstock et al. 2006). Increasing evidence has
shown that GDNF plays neurotrophic roles on a wide
variety of neuronal populations, e.g. the spinal or cra-
nial motorneurons, noradrenergic neurons of the locus
coeruleus, cholinergic neurons of basal forebrain as
well as neurons in thalamus or hippocampus (Arenas
et al. 1995, Oppenheim et al. 1995, Kordower et al.
2000, Behrstock et al. 2006). Additionally, both in
vitro and in vivo studies have indicated that adminis-
tration of GDNF benefits the survival of peripheral
ganglia including sympathetic, sensory and enterocep-
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tive ganglia, and even intrastriatal transplanted fetal
dopaminergic grafts (Buj-bello et al. 1995, Trupp et al.
1995, 1996, Honda et al. 1999). GDNF has been
regarded so far as one of the most powerful neu-
rotrophic factors for therapeutic use in the neurode-
generative diseases including Parkinson’s disease and
Amyotrophic Lateral Sclerosis (Duberley et al. 1998,
Walker et al. 1998, Perez-Navarro et al. 1999, Kordower
et al. 2000). The diverse biological actions of GDNF
are mediated via its two-component receptor complex,
which consists of a glycosylphosphatidylinositol-
anchored cell surface molecule (GFRa family member)
and the RET receptor tyrosine kinase. GFRa prefera-
bly characterizes with GDNF and functions as a ligand-
binding receptor, while RET works as a key receptor
component involved in GDNF intracellular signaling
(Trupp et al. 1996, 1997, Yu et al. 1998, Paratcha et al.
2001). So far RET protein has been found widely
expressed in the central nervous system, especially in
the mesencephalic dopaminergic neurons (Tsuzuki et
al. 1995, Glazner et al. 1998, Walker et al. 1998, Honda
et al. 1999). However, it still remains elusive whether
RET protein is localized on the neostriatum-projecting
neurons, which constitute the nigrostriatal dopaminegic
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system and degenerative cell loss of this system will
cause Parkinson’s disease. A double-labeling method
combining HRP retrograde neural tracing with RET
immunohistochemistry was performed to examine the
distribution of neostriatum-projecting neurons express-
ing RET protein in the midbrain of rats.

METHODS
Animals, anesthesia and HRP injection

Sixteen adult male rats (R1-R16, Sprague-Dawley)
weighing 250-300 g were used in the present study
and randomly divided into two groups. All procedures
of our experiments were approved by the Committee
of Animal Use for Research and Education of the
Fourth Military Medical University (Xi’an, P.R. China),
and all efforts were made to minimize the number of
animals used and their suffering.

The rats in group I (R1-R8) were all anaesthetized
by intraperitoneal administration of sodium pento-
barbital (40 mg/kg body weight). They were secured
on a stereotaxic frame (Narishige, Japan), and then
received stereotaxic injection of 0.1 pl of 30% HRP
dissolved in 0.01 M phosphate-buffered saline (PBS;
pH 7.4) in unilateral caudate-putamen according to
the atlas of the rat brain (0.20 mm anterior to Bregma,
3.0 mm lateral to the midline and 5.0 mm deep from
the dura mater) (Paxinos and Watson 1998).
After a survival of 48 hours, they were deeply anaes-
thetized with an overdose of sodium pentobarbital
and perfused transcardially with 100 ml of 0.01 M
PBS, followed by 500 ml of 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The trimmed brain
blocks containing caudate-putamen and mesencepha-
lon were placed into 30% sucrose overnight at 4°C,
and sliced to yield coronal sections with 30 um thick-
ness on a microtome. The sections were collected in
0.01 M PBS (pH 7.4), and processed for double visu-
alization of RET protein and incorporated HRP. The
group II rats (R9-R16) were processed as above
except HRP injection, and performed for RET-
immunohistochemistry.

Immunohistochemistry of RET protein
Immunohistochemistry was carried out to dem-

onstrate the distribution of RET-containing struc-
tures in the rat brains as described previously (Zhou

et al. 2008). Briefly, the sections were incubated
sequentially with: (1) rabbit anti-RET IgG (1:500,
Santa Cruz Biotechnology) in 0.01 M PBS contain-
ing 1% normal goat serum and 0.03% Triton X-100
for 48 hours at 4°C; (2) Biotinylated goat anti-rabbit
IgG (Vector, 1:200 dilution) for 2 hours at room
temperature; (3) ABC complex solution (Vector;
1:200 dilution) for 1 hour at room temperature. Then
the sections were developed with DAB/H,0, in Tris-
HCIl buffer (pH 7.6) for about 30 minutes. After that,
they were mounted on gelatin-coated glass slides,
air-dried, dehydrated, cleared and observed under
an Olympus microscope (BX-60). For the control
experiments in RET immunohistochemistry, the
primary antibody was substituted with normal rab-
bit serum. The RET-like immunoreactive neurons
were not found in the control experiments (data not
shown).

Double-labeling of RET protein and
incorporated HRP

Double-labeling experiments were performed to
visualize the localization of RET protein in neostria-
tum-projecting neurons. For the histochemical dem-
onstration of injected and incorporated HRP, the
sections were developed with tetramethylbenzidine
and sodium tungstate was used as a stabilizer (Rye et
al. 1984). Then, they were treated with diaminoben-
zidine and cobalt chloride to enhance HRP reaction
products. Subsequently, the sections were processed
for RET immunohistochemistry as described above.
For semi-quantification, the number of HRP single-,
RET single-, HRP/RET double-labeled cells were
counted in the bilateral substantial nigra pars com-
pacta on three sets of serial sections covering the
whole substantia nigra from each rat brain by a per-
son without the knowledge of this experiment, and
the data were presented as the Mean = SD. To mor-
phometrically measure the RET single- and HRP/
RET double-labeled cells, images were captured and
quantified with AxioVision Rel. 4.5 software (Zeiss).
The average diameters of RET-immunoreactive or
HRP/RET double-labeled neuronal somata were pre-
sented as Mean + SD by measuring their short and
long axis respectively. The nomenclature and descrip-
tion of brain structures were utilized according to
Paxinos and Watson’s Rat Brain in stereotaxic coor-
dinates (Paxinos and Watson 1998).



RESULTS

HRP injection sites in the group I rats (R1-R8) were
all exactly located within the caudate-putamen in the
rostro-caudal extension from Bregma +1.4 mm to
Bregma —1.2 mm. One representative injection region
was shown in Fig. 1. No HRP was found spreading
into the lateral ventricle or across the brain midline.

In RET-immunohistochemical stained sections,
RET-like immunoreactivity was clearly shown in cer-
tain midbrain regions including substantia nigra, ven-
tral tegmental area, red nucleus and central gray. The
RET-like immunoreactivity was localized in the cell
membrane, axon fibers or dendrites, and neuronal
cytoplasm. In line with the previous reports (Tsuzuki
et al. 1995, Trupp et al. 1997), RET-like neurons were
abundantly distributed in the substantia nigra pars
compacta, and most of their neuronal somata were
fusiform, oval or polygonal in shape and of medium
size (Fig. 2A-B). The long and short diameters of these

Fig. 1. One representative HRP injection region. A volume
of 0.1 pl HRP (30%) was stereotaxically injected into the
caudate-putamen of the rats in group I. It did not diffuse into
the lateral ventrical [(LV) delineated with broken black line
and indicated with black arrow], or across the midline.
(Acb) accumbens nucleus; (cc) corpus callosum; (CPu)
caudat-putamen; (Fr) frontal cortex; (LV) lateral ventricle;
(LS) lateral septal nucleus; (Par) parietal nucleus. Scale bar
is 2 mm.
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neurons were individually measured and presented in
Table I (=106 for fusiform or oval neurons, n=110 for
polygonal neurons). Some of the RET-like neurons
also sparsely resided in substantia nigra pars reticu-
laris and lateralis (data not shown).

In the double-labeled sections, both HRP-labeled and
RET-immunoreactive cells were numerously found in
the distinct regions of the midbrain. HRP-labeled neu-
rons exhibited black punctuate granules in their cyto-
plasm and proximal dendrites. HRP/RET double-labeled
neurons were exclusively distributed in the substantia
nigra pars compacta with rostral-caudal extension at the
ipsilateral side (Fig. 2C—F). These double-labeled neu-
rons were characterized with the presence of black

Fig. 2. RET single-labeled and HRP/RET double-labeled
neurons in the substantia nigra. Single RET immunoreactive
neurons were intensely located in the substantia nigra pars
compacta (A), and representatively shown in (B) with
higher magnification (indicated with arrowheads). HRP/
RET double-labeled neurons were also robustly distributed
in substantia nigra pars compacta (C). Typical double-
labeled neurons were shown in (D)—(F), and indicated with
arrows, while RET single-labeled neurons were indicated
with arrowheads. (SNC) substantia nigra pars compacta;
(SNR) substantia nigra pars reticularis; (VTA) ventral teg-
mental area. Scale bars are 300 um in (A) and (C), and
15 pm in (B), (D), (E), and (F).
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Table 1

Morphometric measurement of RET single- or HRP/RET double-labeled neurons in the substantia nigra pars compacta

of rats receiving HRP injection

Fusiform (n=106)
long (um) short (um)

Oval (n=106)
long (um) short (um)

Polygonal (n=110)
long (um) short (um)

27.59 +£3.83 13.69 £2.91
2893 £3.15 12.64 £2.17

RET single-labeled
HRP/RET double-labeled

16.83 £3.65 13.17£2.77
15.82 +£3.03 14.94 £2.05

1775+ 4.24 13.61 +£2.88
18.77+3.74 1576 £2.76

Long and short represent the long or short axis of measured cells, respectively. Data were presented as Mean + SD.

punctuate granules (HRP-reactive products) within the
brown-colored cytoplasm (RET-like immunoreactivity)
throughout neuronal somata or processes. Most of the
HRP/RET double-labeled neurons were medium-sized
and displayed similar morphology as the RET single-
labeled neurons, which can be further divided into
fusiform, oval or polygonal subgroups. Again, the long
and short axis of these neurons were individually mea-
sured and shown in Table I (»=106 for fusiform or oval
neurons, and n=110 for polygonal neurons). HRP sin-

gle-, RET single-, and HRP/RET double-labeled neu-
rons were counted in substantia nigra pars compacta for
semi-quantification. Most HR P-labeled neurons exhib-
ited RET-like immunoreactivity. However, although
HRP/RET double-labeled neurons constituted more
than half of the total RET-like cells (Table II), it should
be noted that there were still some RET single-labeled
cells in these regions. Because the incorporated HRP
was further evidenced by the method of cobalt chloride
enhancement (Rye et al. 1984), it should be taken into

Table II

The number of HRP single-, RET single-, and HRP/RET double-labeled neurons in the substantia nigra pars compacta

of rats
HRP RET HRP/RET
ipsi contra ipsi contra ipsi contra

R1 42 +£11 0 1041 +£74 3878 +202 3086 + 67 0
R2 79 £ 12 0 1748 £ 96 3858 +224 2817 + 50 0
R3 90 + 11 0 1733 +123 3197135 1759+ 193 0
R4 133 +23 0 1881 £ 169 2238+ 187 2156 + 230 0
RS 131£23 0 1671 £209  2055+234 1947+ 111 0
R6 86+ 6 0 1684 £ 105 2065 + 88 1866 + 109 0
R7 106 + 17 0 1466 £ 86 2247 + 232 1828 + 62 0
R8 138 £ 17 0 1829 £88 2273 +226 2039 + 151 0

HRP single-, RET single- and HRP/RET double-labeled neurons in ipsilateral (ipsi) and contralateral (contra) substantia
nigra were counted on three sets of serial sections covering the whole substantia nigra in each rat, and the results were
presented as Mean + SD. R1-R8 represent the eight rats that received HRP injection.



consideration that some mild or moderate HRP-
containing neurons might become undetectable due to
its decreased sensitivity. Therefore, the ratio of the
double-labeled neurons might be underestimated.

DISCUSSION

Distribution of c-Ret mRNA or protein in the mesen-
cephalic dopamine neurons has been well examined in
previous in situ hybridization and immunohistochemical
observations (Tsuzuki et al. 1995, Trupp et al. 1997,
Glazner et al. 1998). In agreement with these reports,
our results further demonstrate that a high percentage of
the neostriatum-projecting neurons express the GDNF
receptor subunit tyrosine kinase RET in the rat brain.
However, there are still many RET single-labeled cells
distributed in substantia nigra pars compacta. One pos-
sible explanation is that not all the HRP reactive prod-
ucts were well presented due to the limitation of the
staining method we used. Alternatively, the existence of
RET single-labeled cells indicates that RET protein may
be implicated in multiple signaling pathways in the sub-
stantia nigra in adult rats. The HRP/RET double-labeled
neurons present similar morphology to the RET single-
labeled neurons suggests that they may be morphologi-
cally homogenous but exert distinct functions.

It is well known that GDNF can prevent the neurons
exposed to neurotoxins from degeneration, promote
neuronal axon sprouting and increase tyrosine hydroxy-
lase level in substantia nigra dopamine neurons through
its receptor complex (Perez-Navarro et al. 1999,
Kordower et al. 2000). Three mammalian homologues
of GDNF have been so far identified, and RET protein
acts as their common signaling receptor related to dif-
ferent members (GFRa-1 to -4) of the GFRa family
(Klein et al. 1997, Baloh et al. 1998, Kjaer et al. 2003,
Sariola et al. 2003). Mice with null mutations of RET
exhibit similar phenotypic defects as the GDNF knock-
out mice, including severe dysgenesis and lack of
enteric neurons, indicating that RET is not only involved
in GDNF signaling in adult CNS but a key component
in the developing peripheral nervous system (Trupp et
al. 1995, Sanchez et al. 1996). RET protein and GFRa
have distinct but partially overlapping distribution pat-
terns in the mammalian brain, which implicates that
they may function independently or synergically (Trupp
et al. 1997). In the dopaminergic neurons of midbrain,
RET tyrosine kinase co-localizes with GFRa (Trupp et
al. 1997, Yu et al. 1998), which in turn makes the protein
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more efficiently activated by GDNF (Trupp et al. 1996,
1997, Yu et al. 1998, Paratcha et al. 2001).

Interestingly, expression of the RET protein can be
transiently up-regulated in the hippocampus and spinal
motorneurons after ischemia (Sakurai et al. 1999,
Miyazaki et al. 2002), indicating that trophic circuits of
GDNF may be modulated dynamically at the level of the
receptors. In patients with Parkinson’s disease, RET pro-
tein can still be found in surviving dopaminergic neu-
rons of substantia nigra (Walker et al. 1998, Kordower et
al. 2000). It has been shown that constitutive RET activ-
ity in mice is sufficient to increase the number of dop-
aminergic neurons and leads to profound elevation of
brain dopamine concentration (Mijatovic et al. 2007).
Therefore, further understanding on how trophic factors
respond to the ongoing degenerative process and how
RET protein actively shapes the brain dopaminergic sys-
tem may be important to restore the damaged neuronal
circuit and to develop effective treatment strategies.

CONCLUSION

We have now demonstrated that if not all, most of
the nigrostriatal projecting neurons express GDNF
receptor RET protein, which provides further morpho-
logical evidence for the neurotrophic functions of
GDNF-RET signaling in the dopaminergic neuronal
network. This finding may be of importance for the
understanding and treatment of Parkinson’s disease.
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